The synthesis and second-order nonlinearity study of several new polyphosphazenes were described, which are composed of a new type of Yshaped nonlinear optical (NLO) chromophores attached onto polyphosphazene. They were obtained via a post-azo coupling reaction. The resulting materials were characterized by means of 
Introduction
Organic nonlinear materials are emerging as key materials for advanced information and telecommunication technology. Owing to their high performance, structural flexibility, and light weight, polymers are expected to play a major role in optical technology. [1] [2] [3] [4] [5] Significant interest exists in the design and development of organic materials with large molecular hyperpolarizabilities (β), improved optical transparency, and good thermal stability. Optimization of any individual abovementioned property is not difficult; however, simultaneous realization is still a challenging task. To achieve a good balance of nonlinearity-transparency-stability, new approaches such as simultaneous poling and polymerization were developed. Yshaped chromophores [6] [7] [8] [9] [10] showed improved trade-off compared to classical onedimensional dipolar chromophores, due to the contribution of the large, off-diagonal β tensorial components.
It has been theoretically and experimentally shown that heteroaromatic-based chromophores [11] [12] [13] [14] and multi-dipolar chromophores [15] [16] [17] [18] have larger macroscopic nonlinearities, higher thermal stability as well as better orientational order and stability compared to those of one-dimensional, donor-acceptor disubstituted π-conjugated molecules. Heterocyclic compounds have lower delocalization energy than that of benzene; they can offer better effective conjugation than that of benzene in donor-acceptor compounds. Heterocyclic imidazole based NLO chromophores have received increasing interest due to their excellent thermal stability, and the imidazole ring is easily tailored to accommodate functional groups. In addition, one advantage of the multi-dipolar chromophores is that it can increase the polar order in poled polymers relative to that of its monomeric unit. Polyphosphazenes are inorganic polymers [19] with a backbone of alternating phosphorus and nitrogen atoms and two side groups linked to the phosphorus atoms. They present a number of useful features for practical devices, such as the excellent flexibility of the backbone, high thermal and oxidative stability, optical transparency from 220 nm to the near-IR region, and controlled covalent incorporation of chromophores can be easily accomplished over a broad concentration range. Recently, some new synthetic routes [20] [21] [22] [23] [24] [25] [26] have been developed for the preparation of polyphosphazenes with large molecular hyperpolarizabilities and high glass-transition temperatures.
A combination of the advantages of heteroaromatic-based and multi-dipolar chromophores could produce a new type of chromophores which present high electro-optical coefficients and good temporal stability. In this paper, the synthesis and characterization of some efficient and thermally stable imidazole-based NLO polymeric materials are reported.
Results and discussion

Synthesis
The synthesis of P1-P8 are illustrated in Schemes 1 and 2. The P1 and P2 with imidazole as a side group were synthesized first (Scheme 1). Then, the post-azo coupling of p-methylbenzenediazonium fluoroborate(p-mbf), p-cyanobenzene diazonium fluoroborate(p-cbf) and p-nitrobenzenediazonium fluoroborate(p-nbf) toward the benzene rings afforded the imidazole-based chromophore-functionalized P3-P8 (Scheme 2).
Fig. 1.
1 H NMR spectra of P1, P3, P5 and P7.
Poly(dichlorophosphazene) was synthesized following a procedure described in the literature. [27] It is a simple and convenient one-pot synthesis according to the literature. P1 and P2 were obtained from the highly reactive macromolecular intermediate, poly(dichlorophosphazene), by the nucleophilic substitution reaction to get soluble polymers; 4-(4,5-diphenyl-1H-imidazol-2-yl)-phenol (compound 1) cannot react with all or most of the chlorine atoms. At the end of the substitution reaction, an excess of NaOCH 2 CH 3 was added into the reacting mixture to replace all the remaining chlorine atoms completely. Elementary analysis proved all of the chlorine atoms were replaced. Here, p-methylbenzenediazonium fluoroborate, pcyanobenzenediazonium fluoroborate and p-nitrobenzenediazonium fluoroborate were used to attack the benzene rings to prepare polymers containing NLO chromophores.
Structure characterization of P1-P8
In the IR spectra of P1-P8, the 1205-1239 cm -1 bands were attributed to a P=N stretching vibration and the 767-770 cm -1 band to an in-phase P-N-P stretch. The new absorption band appeared at 1632-1667 cm -1 in the IR spectra of P3-P8 assignable to the absorption of N=N, other new absorption bands appeared at about 2223 cm -1 assignable to the absorption of -CN; appeared at about 1512 cm -1 and 1372 cm -1 assignable to the absorption of -NO 2 .
The component concentrations in the polymers could be calculated from the 1 H NMR peak integration of phenyl proton resonances and the proton resonances of -OCH 2 groups. Figure 1 shows the 1 H NMR spectra of P3, P5 and P7, and the assignment of peaks downfield for comparison. 31 P NMR study was conducted with a Varian Mercury plus 400 spectrometer. There are two peaks at about -7.8 and -13.5 ppm in P1; two peaks at about -7.8 and -14.3 ppm in P3; two peaks at about -13.9 ppm and -19.2 ppm in P5; -9.4 ppm and -15.1 ppm in P7. The molecular weights of P1-P8 were determined by gel permeation chromatography with refractive index detector ( Table 1 ). The DSC thermograms of polymers P3-P8 exhibited high glass transition temperature (T g ). The high T g is good to keep the orientation after polarization.
These polymers have good solubility in common organic solvents, such as THF, DMSO, DMF, and CHCl 3 , etc. Figure 2 showed the UV-vis spectra of some polymers in the solution of THF. It was obvious that the P1 has two absorption bands and the λ max at about 303 nm. After the post-azo coupling reaction, some new absorption bands for the π-π* transition of imidazole-azo chromophore appeared and the absorption maximum are collected in Table 1 [29] . Values of hyperpolarizability (β) had been determined for samples using the EFISHG experimental technique. [30] They were as follows (10 -30 esu): 12, 28 and 34.
Using heteroaromatic rings leads to enhanced second-order NLO response properties [31] . It has been speculated that the heteroaromatic rings act as an additional donor in the bridge. It could also be possible that the reduced aromaticity of the imidazole compound to the benzene ring might result in enhanced molecular hyperpolarizability. P7 showed the highest d 33 value coinciding with the strongest withdrawing power of the nitro group. The second higher d 33 value was found in P5, which is close to that of P7. It is reasonable since the cyano group is as strong acceptor as nitro group, while methyl group is not so good. Therefore, how to transform the high β values of the chromophores to the high d 33 values of polymeric materials is still a big challenge. This problem should be solved further to push the development of NLO polymeric materials, and bring this kind of promising material into practical applications.
Conclusions
In conclusion, a new synthetic route is presented to prepare some new polymers with imidazole-based and multi charge-transfer (CT) Y-shaped chromophores by an easy two-step method. The polymers displays a markedly blue-shifted optical maximum (354-367 nm in THF) while maintaining relatively large d 33 values according to SHG measurements. They also present high T g and good solubility in common organic solvents. This work demonstrates an approach to develop second-order NLO materials offering improved nonlinearity-transparency trade-off characteristics. It is believed that further studies will focus on optimizing β response and optical properties, as well as on an in-depth understanding of this special nonlinearitytransparency relationship by a combination of molecular modelling and modifications.
Experimental part
Materials and measurements
All chemicals were purchased from commercial suppliers. Tetrahydrofuran (THF) and petroleum ether (60-90 o C) were dried over and distilled from Na alloy under an atmosphere of dry nitrogen. The 4-(4,5-diphenyl-1H-imidazol-2-yl)-phenol (compound 1) was obtained using reaction of diphenylethanedione, 4-hydroxy-benzaldehyde and ammonium acetate in glacial acetic acid as solvent. [32] The p-methylbenzene diazonium fluoroborate, p-cyanobenzenediazonium fluoroborate and p-nitrobenzene diazonium fluoroborate were synthesized following a procedure described in the literature [33] . All other reagents were used as received. The substitution reaction of poly(dichlorophosphazene) was carried out in a dry nitrogen atmosphere.
The
1 H NMR spectra were collected at 400 MHz on a Varian Mercury plus 400 spectrometer and 31 P NMR spectra were obtained at 162 MHz. The FT-IR measurements were conducted on a Perkin-Elmer Paragon 1000 Fourier transform spectrometer at room temperature (25 o C). The samples were mixed with KBr powder and then pressed into flakes. UV-vis spectra were recorded on a PARAGON 1000 spectrometer. Solution UV-vis spectra were measured as 1×10 -5 M solutions in THF at 25 o C. DSC analyses were performed on a PYRIS 1 DSC under nitrogen atmosphere at a heating rate of 10 o C min -1 . Molecular weights were determined in DMF solution by a Series 200 with a calibration curve for polystyrene standards.
Synthesis of P1
25 mL of a solution of the sodium salt of compound 1 (prepared from the compound 1 (0.50 g, 1.6 mmol) and sodium hydride (0.0385 g, 1.6mmol) in THF) was added to a solution of poly(dichlorophosphazene) (0.62 g, 5.3mmol) in 16 mL of THF, and the mixture was stirred at 20 o C for 60 hours under an atmosphere of dry nitrogen. After that, 12 mL of a solution of NaOCH 2 CH 3 (prepared from ethanol (0.49 g, 10.7mmol) and sodium hydride (0.256 g, 10.7mmol) in THF) was added, and the resultant mixture reacted for 24 hours at 20 o C. After the THF in the mixture was removed under vacuum, the solid was poured into 100 mL of water. The solid was filtered, washed with water, and dried under vacuum. The solid was dissolved in THF, and the insoluble residue was filtered out. The filtrate was dropped to ethanol to precipitate the solid. The resultant solid was purified by several precipitations from THF into ethanol. The solid was dried under vacuum at 25 o C to yield polyphosphazene P1 (0.68 g).
The preparation procedure of P2 was similar to that of P1.
Synthesis of P3
P1 (0.26 g) was dissolved in 5 mL of THF, and then p-methylbenzenediazonium fluoroborate (0.79 g) was added under cooling with an ice bath. After stirring for 2 hours at 0 o C, an excess of anhydrous potassium carbonate was added. The color of the solution changed from no color to red gradually. The mixture was stirred for 60 hours at 0 o C and then filtered. THF was removed under vacuum, and the solid was poured into 50 mL of water. The solid was filtered, washed with water, and dried under vacuum at 25 o C to yield P3 (0.27 g).
The preparation procedure of P4-P8 was similar to that of P3.
Polymer film preparation
The P3-P8 was dissolved in cyclohexanone, and the solution (about 2 wt%) were filtered through syringe filters. Polymer films were spin-coated onto indium-tin-oxide (ITO)-coated glass substrates. The residual solvent was removed by heating the films in a vacuum oven at 45 o C for 60 hours. The film thickness was measured by a TENCOR 500 surface profiler and is shown in Table 1 .
Characterization of poled films
The second-order optical nonlinearity of P3-P8 was determined by in-situ secondharmonic generation (SHG) experiments. SHG measurements were carried out with a Nd:YAG laser operating with a 10 Hz repetition and an 8 ns pulse width at 1064 nm. A Y-cut quartz crystal was used as the reference. The input energy was 10 mJ. To induce molecular ordering in the spin-coated films, and so break the centrosymmetry, a corona poling technique was used [34] . A needle, at a static potential 10 kV, was positioned at 0.9 cm above the grounded sample. The temperature during poling was different for each film (Table 1 ) and close to T g in order to facilitate molecular orientation. Orientation of chromophores in poled films was investigated by using polarized UV-Vis absorption spectroscopy, [35] and the orientational order parameters obtained were 0.085~0.097. Under these conditions a steady-state corresponding to thermodynamical equilibrium in the presence of the field, seem to be achieved.
Laser Damage Threshold (LDT) measuremen
In the present investigation, laser damage threshold was determined for P3-P8. [36] The energy density was calculated using Energy density = E/A, where E is the input energy and A is the area of the circular spot size. It was found to be about 29 MW/cm 2 .
